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Abstract 

Recently, we demonstrated that boron modulates the turnover of the extracellular matrix and increases TNFa 
release. In the present study, we used an in vitro test to investigate the direct effect of boron on specific 
enzymes (elastase, trypsin-like enzymes, collagenase and alkaline phosphatase) implicated in extracellular 
matrix turnover. Boron decreased the elastase and alkaline phosphatase activity, but had no effect on trypsin 
and collagenase activities. The effect of boron on the enzyme activities was also tested in fibroblasts considered 
as an in vivo test. In contrast to the results obtained in vitro, boron enhanced the trypsin-like, collagenase, and 
cathepsin D activities in fibroblasts. Boron did not modify the generation of free radicals compared to the con¬ 
trol and did not seem to act on the intracellular alkaline phosphatase activity, However, as it did enhance phos¬ 
phorylation, it can be hypothesized that boron may affect living cells via a mediator, which could be TNFa whose 
transduction signal involves a cascade of phosphorylations. 
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Introduction 

Many studies have been conducted on compounds that 
would accelerate the healing process. The huge number of 
products being recommended indicates that the problem 
is yet to be solved. 

Boron has been shown to be beneficial in wound heal¬ 
ing: application of a 3% boric acid solution greatly 
improves the healing of deep wounds, reducing by two 
thirds the time required in intensive care (1, 2). This has 
led us to investigate the properties of boron, which, in 
the past, was known in the pharmacopeia (boric water) as 
an antimicrobial agent. The use of boron has gradually 
declined due to the side effects observed after ingestion 
(3, 4), although facial wounds are still routinely treated 
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with 10% boric petroleum jelly, and Sobel and Chain (5) 
mentioned the successful topical application of boric acid 
(600 mg/day for 14 days) for recurrent Candida glabrata 
vaginitis. More recently, Benderdour et al. (6, 7) showed 
that boron affects the synthesis of the extracellular matrix 
(ECM), which plays an important role in the wound repair 
process by increasing the release of proteogLycans, colla¬ 
gen and proteins. It also stimulates the synthesis and 
release of tumor necrosis factor (TNFa). 

The purpose of the present study was to determine 
whether boron directly affects the ECM turnover in human 
fibroblasts or acts via an indirect mechanism by influenc¬ 
ing the generation of reactive oxygen species (R0S) or the 
release of cytokines such as TNFa. In vitro (direct effect) 
and in vivo (human fibroblasts) tests were performed to 
investigate the influence of boron on specific proteases 
(collagenase, trypsin-like, elastase, cathepsin D) or alka¬ 
line phosphatase (AP) known to play an important role in 
the wound healing process, protein phosphorylation and 
free radical generation. 
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Materials and methods 

Effect of boron on enzyme activities in vitro 

Measurement of the direct effect of boron on protease activity 
The activities of 3 enzymes were assayed: elastase, colla- 
genase, and trypsin-like enzyme. 

Elastase: 50 pL elastase solution (Calbiochem, La Jolla, 
CA, USA) containing 0-0.06 U were added to 50 pL 
(0.24 mmol/L) substrate (AAPV-Rho 110, Cell Probe, 
Meudon, France), the volume was brought to 2 ml with 
Tris-HCl pH = 6.62 supplemented with 0-50 mmol/L boric 
acid. The mixture was incubated for 15 min at 37 °C. The 
fluorescence was read at Aexc 488 nm, Xem 525 nm with 
a spectrofluorometer (Hitachi, ScienceTec, Les Ulis, France). 

Collagenase (bacterial origin): 50 pL collagenase solu¬ 
tion (Sigma, St. Louis, M0, USA) containing 0-10 pg 
enzyme were added to 100 pL substrate (GPLGP-Rho 110, 
Cell Probe). The final volume was adjusted to 2 mL with 
Tris-HCl pH = 7.6 containing 0-50 mmol/L boric acid. The 
mixture was incubated for 15 min at 37 °C. The fluores¬ 
cence was read: Xexc 488 nm, Aem 525 nm. 

The trypsin-like activity was measured at pH = 7.8 with 
the universal protease substrate (Boehringer, Mannheim, 
Germany) according to the recommendations of the manu¬ 
facturer using 2.5% porcine trypsin solution (Boehringer) 
as enzyme source and incubation for 30 min at 37 °C. The 
fluorescence was read: Xexc 574 nm, tam 584 nm. 

Effect of boron on enzyme activities in vivo 

Protease activity in fibroblasts 

Human fibroblasts (46BR-IG, transformed lung fibroblasts 
from the European collection of animal cell culture) 
(4-10 6 cells) were cultured for 6 h in minimun essential 
medium (MEM; Gibco, France) with or without boric acid 
(concentrations given in the results section). A part of 
the cells was collected by centrifugation at 800 g for 5 
min, washed with 0.15 mol/L NaCl and lysed in 50 mmol/L 
Tris pH = 7.4, 1 mmol/L phenylmethylsulfonyl fluoride 
(PMSF), lmmol/L EDTA. The solutions were cleaned by 
centrifugation and the supernatants were stored at - 20 
°C, to be used for the total protease activity measure¬ 
ment. The other part of the cells was trypsinized (0.25% 
trypsin, Boehringer) for 5 min and centrifuged at 800 g 
for 5 min. The pellet was washed two times with PBS and 
suspended in PBS (10 6 cells/mL). Aliquots (50 pL) of the 
cell suspension were incubated at 37 °C for 5 min, and 
then 25 pL (0.08 mol/L) cathepsin D substrate VK-Rho 
110, or 25 pi (0.08 mol/L) collagenase substrate GPLGGP- 
Rho 110 (Cell Probe) were added and the mixtures were 
incubated for exactly 10 min at 37 °C. The reaction was 
stopped by placing the tubes in ice and by adding 1 mL 
iced PBS. 25 000 cells were analysed by flow cytometry 
(Epics cytometer, Coultronic, Margency, France) equipped 
with an argon laser (Aexc 488 nm). The fluorescence was 
displayed on a monoparametric histogram (256 channels 
logarithmic scale) and was expressed as mean intensity of 
fluorescence (MIF). MIF = e [ln 100 °/ 256 ] x, where x is the 
mean peak channel on the logarithmic scale. 


Measurement of the rate of protein phosphorylation 

Measurement of direct boron effect on alkaline phosphatase 
activity 

Human serum (1 mL) was mixed with 200 pL 0-50 mmol/L 
boric acid. The AP activity was measured with a Randox 
kit (Randox, Roissy, France) with p-nitrophenyl phosphate 
as substrate and using an automatic apparatus (Wako, 
Biochem, France). The detection limit of the method was 
2 UI/L. 

Protein phosphorylation 

The protein phosphorylation was measured in fibroblasts 
cultured for 1 h, 2 h, 4 h, and 6 h in MEM with or without 
25 mmoL/L boric acid. 0.37 MBq/mL X [ 33 P]-ATP (111 TBq/ 
mmol, NEN, Boston, USA) and 100 pL ATP (30 mg/mL) 
were added to the culture medium. The reaction was 
stopped by adding 200 pL 0.5 mol/L ATP/0.1 mol/L formic 
acid. The cells were trypsinized, lysed, and the proteins 
were precipitated with 5% TCA and collected by centrifu¬ 
gation. They were dissolved in 200 pL 0.4% desoxy- 
cholate/0.1 moL/L NaOH. The radioactivity was counted 
and the results are expressed as cpm/10 6 cells. 

Measurement of radical oxygen species (ROS) 

Two series of experiments were carried out. In the first 
experiment, the fibroblasts were cuLtured for 6 h with 
increasing amounts of boric acid and collected as 
described below. The cells were suspended in 1 mL MEM 
containing 10 pL dihydrorhodamine 123 (DRH 123; 
0.1 mol/L in dimethylformamide) for 5 min at 37 °C, or in 
1 mL MEM containing 20 pL dichlorofluorescein diacetate 
(DCFH-DA; 0.5 mol/Lin dimethylformamide) for 20 min at 
37 °C. In the second experiment, the kinetic of free radi¬ 
cal generation was evaluated without boric acid or with 
0.25% boric acid. The reactions were stopped by placing 
the tubes in the ice bath. 25 000 cells were analyzed by 
flow cytometry. 


Results 

Effect of boron on proteases in vitro 

Boron was tested at concentrations of 0-50 mmol/L. Only 
the results obtained with 25 mmol/L boric acid and differ¬ 
ent concentrations of enzymes are shown (Fig. 1). Boric 
acid added to the reaction mixture did not change the 
trypsin-like or collagenase activity but it inhibited the 
elastase activity. 

Effect of boron on proteases in vivo 

The total protease activity was measured in cell lysates. 
Boric acid (25 mmol/L) significantly (p < 0.001) increased 
the trypsin-like activity. The activity in controls was 38 + 
9 ng equivalent trypsin/10 7 cells while that of the cells 
treated with boric acid was 79 ± 11 ng/10 7 cells (n = 6). 

The activities of collagenase and cathepsin D were 
measured in viable cells by flow cytometry. Boric acid, 
tested at concentrations of 10-50 mmol/L, enhanced the 
cathepsin D and collagenase activities in cells; the maximun 
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Fig. 1. Direct effect of boric acid on the activities of purified 
trypsin, elastase, and collagenase. The results are the mean of 4 
assays; enzyme activities were measured using specific fluores¬ 
cent substrates; ■—■ control without boric acid, •—• assay 
with 25 mmol/L boric acid. 


Fig. 3. Measurement by flow cytometry of free radicals in ► 
fibroblasts, (A) as a function of boric acid concentration; 

O—ODCFH, •—#DHR; (B) as a function of time; □—Dcon- 
trol, O—Oassay (DCFH); ■—■ control, •—©assay (DHR). 



Time (hours) 


Fig. 2. Protein phosphorylation in fibroblasts incubated wihout 
boric acid (□) and with 25 mmol/L boric acid (if). The results 
were compared by Student t-test. The results are the mean of 4 
replicates. * p < 0.05 (increased phosphorylation), • p < 0.05 
(decreased phosphorylation), NS not significant. 



Time (minutes) 
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effect was obtained at 25 mmol/L of boric acid. The MFI 
increased from 60.6 to 90.3 (cathepsin D), and from 69.8 
to 89.5 (coUagenase). 

Phosphatase activity and protein phosphorylation 

Boron decreased the alkaline phosphatase activity of 
human serum (direct effect) from 247 ± 5 to 243 ± 3, 239 
± 5, 231 ± 5, 224 ± 7 UI/mL for 0, 5, 10, 25, 50 mmol/L 
boric acid (n = 7 for each assay). The decrease was signif¬ 
icant from 25mmol/L. The amount of phosphorylated pro¬ 
teins increased with the time in culture, from two hours 
there was a significant difference between the [ 33 P]-ATP 
incorporated into the proteins of the control and of the 
assay (Fig. 2). 

Measurement of R0S (free radicals) 

Incubating fibroblasts for 6 h with increasing concentra¬ 
tions of boric acid caused a decrease in the fluorescence 
of DHR 123 (probe for the superoxide anion) and a paral¬ 
lel increase in the fluorescence of DCFH (probe for H 2 0 2 
and hydroperoxides) (Fig. 3A). However, 25 and 50 mmol/L 
boron did not stimulate the superoxide dismutase (SOD) 
activity of human erythrocytes, as measured with the Ran- 
sod kit (Randox, Creemlin, UK) (data not shown). 

The rate of formation of intracellular R0S was also mea¬ 
sured with 25 mmol/L boric acid in function of the culture 
time. The concentration of H 2 0 2 changed with the incuba¬ 
tion time, and there were two peaks, one observed at 1 h 
and the other at 4 h. The concentration of 0 2 * 2 " increased 
at the beginning of the experiment, but decreased there¬ 
after. However, the results of the controls were not signif¬ 
icantly different from those of the assays (Fig. 3B). 

Discussion and conclusion 

The mechanism by which boron acts in wound healing is 
unclear, although some studies have shown that it is 
involved in proteoglycan, collagen and protein synthesis 
(6, 7). In this study, we measured the direct effect of 
boron on specific enzymes involved in extracellular matrix 
turnover and metabolism, and its effect on these enzymes 
in living cells. Boron directly inhibited elastase and alka¬ 
line phosphatase activities but did not have a direct 
effect on trypsin-like and coUagenase activities. The 
effects of boron on these enzymes have not been 
described in previous studies, but it is known that pep- 
tidic boric acid compounds form tetrahedral borates that 
covalently bind to the active site of serine proteases such 
as elastase (8). These compounds are competitive 
inhibitors, but as the amino acid moiety is essential for 
their effect, such a mechanism does not seem to explain 
the effect of boron on elastase observed in our study. In 
addition, boron might directly modify the enzyme struc¬ 
ture, and therefore the activity, by binding to the cis-diol 
groups of glycosylated protein chains (9, 10). Both alka¬ 
line phosphatase and elastase are glycoproteins, and elas¬ 
tase has two potential N-glycosylation sites, one of which 
carries a carbohydrate moiety (11). Therefore boron bind¬ 
ing to sugars could explain the decrease in enzyme activ¬ 
ity. However, collagenases, which also have a N-glycosyla- 


tion site (12), are not inhibited by boric acid. We cannot 
exclude the fact that bacterial coUagenase used in the in 
vitro test behaves differently from human fibroblast coUa¬ 
genase. 

ALthough boron did not have a direct effect on the 
trypsin-like activity in vitro, the protease activity has 
been found to be increased in living cells (13). Our results 
confirmed this finding, showing that boron enhances 
total protease, coUagenase, and cathepsin D activities in 
fibroblasts. This effect of boron could be explained by a 
stimulation of the secretion of TNFa. It is known that 
extracellular matrix turnover is influenced by TNFa (14), 
which is a multifunctional cytokine with a broad spectrum 
of activities involved in skin wound healing. Found at an 
increased concentration in early wound fluid (15), TNFa 
participates in the inflammatory phase of wound healing 
(16), stimulating the protease activity, particularly coUa¬ 
genase (17, 18, 19), and inhibiting the collagen gene 
transcription, synthesis (20, 21) and accumulation (18). 
TACE (TNFa converting enzyme) and a combination of ser¬ 
ine proteases, cysteine proteases and metalloproteinases 
are involved in TNFa processing and release (14). 

So by an indirect activation of proteases, boron could 
favour the release of TNFa stored in the ECM (22) and the 
rapid generation of highly localized signals by stimulating 
the ECM degradation. The stimulation of TNFa release by 
boron would trigger an amplification loop for ECM 
turnover. 

There have been few reports on the action of boron on 
phosphatases; some studies have been done on the 
effects of amino-boronic acids on acid phosphatase activ¬ 
ity, showing that these compounds prevent the release of 
this enzyme by protecting the lysosome membrane (23). 
This mechanism could not be involved in our study 
because alkaline phosphatase is not a lysosomal enzyme. 

The effect of boron on alkaline phosphatase activity 
in vitro could explain the higher concentrations of phos¬ 
phorylated proteins in cells observed in its presence. 
However, as we were unable to demonstrate that boron 
has the same activity in vivo, an equally valid hypothesis 
is that protein phosphorylation is due to kinase activation 
in relation with cytokine release. Indeed, Benderdour 
et al. (7) showed that boron stimulates the release of 
TNFa, and it is also known that TNFa binding to its recep¬ 
tors triggers transduction signaling via kinase activation 
and phosphorylation of specific proteins (24). 

In addition, TNFa is known to increase the production 
of reactive oxygen species, particularly superoxide anions 
(0 2 '~), in various cell lines (25, 26). The cytotoxic mech¬ 
anisms of TNFa have been directly linked to intracellular 
oxygen radical production (27, 28, 29). 

The generation of mitochondria-derived reactive oxygen 
species induced by TNFa is a mechanism through which 
this agent activates the transcription factor NFkB (30), 
which in turn, activates the transcription of TNFa, thus 
further propagating the inflammatory response. We there¬ 
fore measured free radical generation in relation to boric 
acid concentrations and of culture time. The 0 2 * 2 ' concen¬ 
tration decreased and the H 2 0 2 concentration increased in 
function of boric acid concentrations; this could be due to 
a direct effect of boron on SOD which dismutates 0 2 * 2 " to 
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H 2 0 2 *. However, time-dependent generation of free radi¬ 
cals did not reach significance. We might assume that 
boron triggers a transient rise in free radicals sufficient to 
activate NFkB. This increase could have been neutralized 
quickly by antioxidant ceLl defences and therefore not 
measurable with the method used. In addition, we found 
no activation of Zn-Cu SOD in vitro (data not shown), but 
TNFa is known to stimulate mainly mitochondrial Mn-SOD 
(27). Further experiments are necessary to investigate 
this hypothesis. 

In conclusion, boron increases the turnover of the 
extracellular matrix; it favours the protein phosphoryla¬ 
tion (which could result from the activation of receptors 
by cytokines). The effect of boron may be due to its direct 
inhibitory effect on the activities of enzymes such as 
elastase or alkaline phosphatase, although this inhibition 
is not observed in living cells. This leads to the hypothe¬ 
sis that part of the boron effect on wound healing is not 
direct, but indirect, via synthesis of cytokines (e.g. TNFa) 
involved in wound healing, or via generation of free radi¬ 
cals (or other compounds) and activation of transcription 
factors such as NFkB. It is also noteworthy that TNFa 
most likely induces the production of VEGF, a strong 
angiogenic factor (31), and that boron stimulates the pro¬ 
duction of VEGF (32, 33). This study provides some clues 
as to the role of boron in wound healing, but further stud¬ 
ies are necessary to identify the targets of boron. 
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